Cyanobacteria are an interesting group of photosynthetic prokaryotes with a great potential in drug discovery and scientific research. Due to their high degree of diversification, they have been able to adapt to almost all ecological niches. Similarly to Gram-negative bacteria, cyanobacterial cell wall contains Lipopolysaccharides (LPSs) in the outer membrane layer. LPSs are molecules that possess the ability to elicit an innate immune response via Toll-like receptor 4 (TLR-4) activation. Cyanobacterial LPSs have been studied to a minor extent compared to Gram-negative bacterial LPSs. However, available data revealed important differences between the LPSs of these two groups of organisms, both in term of structure and biological activity. This review summarizes the current knowledge about cyanobacterial LPSs, highlighting their peculiarity and their potentiality compared to more characterized bacterial LPSs.
Introduction
Cyanobacteria are among the oldest and most successful living organisms on earth. They are a highly diversified group of photosynthetic prokaryotes and can adapt to almost all ecological niches. They can be found in terrestrial, aerial, glaciers and aquatic environments, including extreme habitats like saline, hot springs and deserts [1] - [3] . Cyanobacteria are a huge source of bioactive compounds that can find applications in different markets including food, nutraceutical, pharmaceutical and cosmetic ones. Several cyanobacterial molecules have shown to possess pharmacologically interesting activities, like antiviral, antibacterial, antifungal, antimalarial, antitumor, immunosuppressant and many others [1] . Hence, cyanobacteria represent a great opportunity for drug discovery and scientific research. On the other hand, cyanobacterial metabolites include also toxins potentially harmful for animals and humans such as hepatotoxins, neurotoxins and endotoxins [4] [5] .
Endotoxins, also known as lipopolysaccharides, are cell wall structures typical of Gram-negative bacteria that exhibit immunostimulatory activity [6] [7] . Cyanobacterial cell wall presents an overall resemblance with those of Gram-negative bacteria, including the presence of LPSs in the outer membrane layer [8] . LPS is made of a polysaccharidic portion and a lipidic portion that anchors the molecule to the outer membrane layer of cell wall [9] - [11] . LPSs are essential for the survival of bacteria because they contribute to membrane stability and integrity and constitute a first line defense system [6] [12] .
The purpose of this review is to summarize the available knowledge about the structure and biological activity of cyanobacterial LPSs, highlighting their peculiarity and their potentiality compared to more characterized bacterial LPSs.
LPSs in Gram-Negative Bacteria
LPSs from Gram-negative bacteria have been extensively studied and LPSs from many different bacteria have been characterized. LPS consists of three different parts: a glycolipid portion called Lipid A; an oligosaccharidic core and a polysaccharidic chain, called O-antigen or O-specific chain [9] - [11] (Figure 1) .
Lipid A is a glycophospholipidic structure that anchors the LPS molecule to the cellular membrane. This is a highly conserved portion with a β-1,6-diglucosamine (DGlcN) disaccharide backbone carrying phosphate groups at position C1 and C4', amide-linked fatty acid chains at position C3 and C3' and ester-linked fatty acid chains at position C2 and C2'. Hydroxylated fatty acid chains are frequently present (typically at C3 position) resulting in secondary acylation. The most typical acylation pattern is with 4 -6 chains ranging from 10 to 16 carbon atoms in length. Lipid A is linked to the proximal moiety of the oligosaccharidic core at position C6', where it binds covalently a 3-deoxy-D-manno-2-octulopyranosic acid (Kdo) [9] - [11] .
The oligosaccharidic core consists of 10 -12 sugars divided in a proximal and a distal region. The proximal region, called "inner core", contains Kdo, heptoses and negative charges usually derived from phosphate groups. The inner core has a remarkable importance for outer membrane integrity [6] [9] [10] . The distal region, called "outer core", consists usually of hexoses and shows more structural variability. This portion provides an attachment site for the O-antigen, if present [6] [9] [10] .
The O-antigen is a polysaccharide made of repeated units. This portion is present only in smooth-type Gram-negative bacteria and shows a high heterogeneity in terms of length, composition and branching degrees. The role of this portion is variable in different bacteria. The O-antigen is known to modulate virulence, but evidences indicate that in some cases it may help bacterial evasion of host immune responses, in particular the complement cascade [6] [9] [10] .
LPSs are known to elicit an innate immune response, triggering a cytokine cascade via TLR-4 activation [6] [7] [9] [13] . The immune response to LPS leads to a variety of symptoms ranging from fever to lethal sepsis [6] [11] [14] . Lipid A has been shown to be the biologically active moiety, but the polysaccharidic portions are known to also have an important role; indeed, Lipid A is usually less active than the entire LPS molecule [9]- [11] .
The highest endotoxic activity requires the presence in the Lipid A moiety of two phosphate groups on the disaccharide backbone and 6 acyl chains of 12 -14 carbons of length, with two 3-acyloxyacyl groups. This is the so called "classic" structure of Lipid A (Figure 2 ). It should be noted that even small modifications of this pattern can affect dramatically the biological effect of LPS leading to a reduced effect or even, in some cases, to an antagonistic effect [9] - [11] .
LPSs from cyanobacteria have been studied to a minor extent than those from Gram-negative bacteria both from structural and biological points of view [12] . Some recent studies tried to explore this field in order to better understand cyanobacterial LPSs.
Structure of Cyanobacterial LPSs
Between 70's and 80's a number of studies on cyanobacterial LPSs composition have been published, tough sometimes with contradictory results. In 1983 a study on Microcystis aeruginosa LPS suggested a structure rich in Kdo, 3-deoxy sugars, glucosamine, hexoses, phosphates and fatty acids while, some years later, another publication suggested a lack of Kdo and heptoses and the presence of several neutral sugars [15] [16] . This result has been recently confirmed showing a high prevalence of neutral sugars and no Kdo or heptose [17] . Several studies on different cyanobacterial species indicate the absence of heptose, Kdo and phosphate in cyanobacterial LPSs structures, in contrast with classic Gram-negative LPSs structures [16] [18]- [20] . Neutral sugars such as glucose, rhamnose, mannose and galactose are always present, while peculiar sugars are occasionally detected such as xylose, fucose and inositol [18] - [21] . Fatty acid composition was reported to be highly heterogeneous both in terms of length and degree of saturation, ranging from lauric acid (C12) to stearic acid (C18) with detection of polyunsaturated fatty acids like linoleic and linolenic acid [16] [18]- [22] . Long chain fatty acids and polyunsaturated fatty acids are not present in classic LPS structure derived from Gram-negative bacteria.
In 2009 the first structure of a cyanobacterial LPS was published. They studied two different Synechococcus strains (WH8102 and CC9311), which showed a high similarity in structure. Both strains showed a lack of Kdo, heptose and phosphate in their minimal structure, in agreement with previous studies. The core consisted of 6 glucoses, with the exception of a single rhamnose in WH8102 strain. Lipid A is a glucosamine disaccharide backbone linked to a galacturonic acid that replaces the phosphate group. As usual acylation pattern was heterogeneous, showing a predominance of tri-and tetra-acylated forms, with presence of both 3-hydroxilated and nonhydroxilated fatty acids, including long-chain fatty acids. The O-chain portion seemed to be a glucan-like polymer, due to the high abundance (near 100%) of glucose in the complete LPS structure [12] .
More recently an LPS structure from Oscillatoria planktothrix FP1 has been elucidated. The proposed structure showed a lack of heptose, Kdo and phosphate but a notable presence of uronic acid. The analysis performed suggested a rhamnan-like structure for the O-antigen. Rhamnose is the most abundant sugar in this LPS (more than 75%) and the O-antigen structure proposed is a long chain of α-1,3-Rhamnose with irregular branches of different lengths and occasional glycosylation in position C2 or C4 of the rhamnose sugar. The oligosaccharidic core resulted to be rich in galacturonic acid, both in alfa and beta configuration, giving a strong negative charge to the region. In the Lipid A portion the presence of an acylated disaccharide glucosamine backbone linked to a galacturonic acid was confirmed. Acylation pattern showed the presence of at least two long chain (C16) 3-hydroxylated fatty acids [2] .
Overall these studies highlighted important differences between the chemical structure of cyanobacterial and Gram-negative bacterial LPSs. By increasing the number of available LPSs structure derived from cyanobacteria, it will be possible to define a consensus structure for cyanobacterial LPS, similarly to what has been done for Gram-negative bacteria.
Biological Activity of Cyanobacterial LPSs
During the past decades several works have tried to evaluate the biological activity of cyanobacterial LPSs. Many cyanobacterial LPSs showed no toxicity [18] - [20] [23]- [25] or very low toxicity [15] [27] . Overall these studies suggested that cyanobacterial LPSs are less endotoxic than classic Gram-negative LPSs. More detailed works appeared in the last decade.
In 2006 the first study to assess the biological activity of an LPS obtained from Oscillatoria planktothrix FP1 called CyP was published. This study showed that CyP could antagonize the inflammatory response elicited by E. coli LPS in human and mouse dendritic cells in a highly selective way, inhibiting both MyD88-dependent and MyD88-independent TLR-4 signaling pathways. Moreover this study showed that CyP was completely nontoxic both in human and mouse cells, and per se it did not induce an inflammatory response. CyP was also tested in vivo where it successfully protected mice from Salmonella abortus-equi LPS toxicity, reducing symptoms and overall mortality [28] . In a human whole blood model CyP was able to inhibit cytokine production induced not only through purified Neisseria meningitidis LPS, but also when cells were challenged by outer membrane vescicles or even live bacterial cells [29] . These results were confirmed later in a meningioma cell line and in an in vitro meningitis model infected with N. meningitidis [30] . Similarly, a porcine whole blood model showed that CyP suppressed cytokine expression induced by E. coli LPS. The same study showed that CyP could only moderately activate complement, suggesting a scarce ability to activate immune system in this animal model [31] . CyP ability to inhibit TLR-4 signaling resulted in an anticonvulsant effect in kainic acid-induced seizure, similarly to R. sphaeroides LPS, a commercial and well known TLR-4 antagonist [32] . De Paola et al. tested a more purified form of CyP (called VB3323) with in vitro and in vivo motor neuron degeneration models. They showed that TLR-4 antagonist activity of VB3323, similarly to R. sphaeorides LPS, resulted in a neuroprotective effect [33] . Thus, the activity of CyP was explored in a series of studies both in vitro and in vivo with consistent results showing a potent anti-inflammatory non species-specific activity. To our knowledge this is the most extensively characterized cyanobacterial LPS so far.
In 2011 Mayer et al. compared the effects of stimulation of rat microglia with Microcistis aeruginosa LPS in comparison with classic E. coli LPS. Firstly, they reported that higher doses (nearly 1000 fold) of M. aeruginosa LPS were necessary to induce the same toxic effect obtained with E. coli LPS. They also investigated a panel of markers to determine which LPS was more potent and more effective in inducing pro-inflammatory response. M. aeruginosa LPS resulted less potent than E. coli LPS in inducing pro-inflammatory mediators release, indeed higher doses of M. aeruginosa LPS were necessary to achieve maximum effect. However, M. aeruginosa LPS was more effective than E. coli LPS because when maximum effect was reached higher quantity of pro-inflammatory mediators were released, compared to E. coli LPS [5] .
In 2016 Mayer et al. published an analogue study using an Oscillatoria sp. LPS in comparison with E. coli LPS. The experiments were performed on rat microglia using a wider panel of markers. Again, they showed that higher doses of Oscillatoria sp. LPS were necessary to induce the same toxic effect obtained with E. coli LPS.
Overall Oscillatoria sp. LPS was less potent than E. coli LPS, but while its effectiveness was lower on nearly all of mediators tested, some exceptions were observed. For instance Oscillatoria sp. LPS induced 2.5 fold higher quantity of CXCL-1 chemokine and similar quantity of RANTES compared to E. coli LPS [34] .
While a chemical structure has been proposed for the LPS extracted from Oscillatoria planktothrix FP1, there are no available data for the chemical structure or chemical composition of cyanobacterial LPSs evaluated in the two studies from Mayer et al. However, as a whole these studies confirm that cyanobacterial LPSs are able to stimulate immune response in different ways than classic and highly endotoxic LPSs. Further studies correlating biological activities and chemical structures of several cyanobacterial LPSs will be necessary to increase available knowledge and achieve a better understanding of the characteristic features of these molecules.
Conclusions
Cyanobacteria are an interesting source of new bioactive compounds but we have a scarce knowledge of these organisms. The presence of LPSs in cyanobacterial membrane gives them potential toxicity for humans and animals. However, our knowledge on this topic was based mainly on studies relative to Gram-negative bacterial LPSs, due to poor and often contradictory information on cyanobacterial LPSs.
Some recent studies regarding structure and function of cyanobacterial LPSs have filled this gap with interesting results. Several studies have demonstrated that cyanobacterial LPSs do not possess typical elements of classic and highly endotoxic Gram-negative LPS structures. Unsurprisingly, cyanobacterial LPSs tested on in vitro and in vivo models did not elicite strong immune responses. Interestingly, a fully characterized cyanobacterial LPS isolated from Oscillatoria planktothrix FP1 has shown to possess antagonistic effect on immune activation via TLR-4, resulting in a protective effect during infectious and noninfectious inflammatory processes.
In the next years, further research will be necessary to better understand this interesting group of microorganisms in order to fully exploit their huge potential.
